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Abstract dignitaries[Newcome, 2004]Military interest in

; : Unmanned Aerial 8hicles (UAS) was initiated in the
grhc',ﬁr? agf {h‘ﬁs%“cf‘&fﬁ';‘;rogﬁﬁss,\,?;é?ﬁ)#@’ early 1920s and continued throughout thg subsequent_
Research LaboratoryRMRL) Monash decadeHowever it wasndt wuntil
University. It details an overview of the during the Second World War that considerable
avionics, flight testing and parameter progress was made. Aircrafts during this period were
estimation softwaréor a recently acquired remotely controlled and often exploited to train anti
fixedwing aircraftThe progressi thusforth aircraft gunners. The miniaturisation of technology
outlined marks significant progress towards a generated further military interest throughouititter

mature autoromous systemcapable of

completing prelefined missions. half of the 20 century.

Research and development of unmanned aviation
1 Introduction has_rec_e;ntly focused on improvem_ents in affordability,
availability and acceptanCehe mishap rates of
Research and development of autonomous unmanned presentf fielded military UAVs are one to two orders
aerd vehicles at RMRL has been progressively of magnitudepoorer than those of manned military
undertaken since ZD@Both fixed and rotary aircrafts  aircraft [Newcome, 2004]UAVs are costlyand
have been constructed and maintained throughout the enhanced reliability must be weighed as adifade
period. This paper features the work accomplished on between increased upfront costs and reduced
one such aircraft, the Boomerang 60 experimentaloper ati ng and maintenance
platform. Assembled and developed over the past lifetime.Improving the reliability of UA/isakey to
twelve months, the aircraft has been installed with a engaginghe confidence of the public, the acceptance
PC/104 managed by a QNX operating system, Inertial of other aviation constituencies, and the willingness of
Measurement Unit (IMU), input and secondary governmental authorities to regulate UAV flight
recorders, GPS unit, and wireless video camera link.[Newcome, 2004]
The emuing sections detail the interactions between Small lowcost autonomousUAV systems
these components and the flight testing results that (researth and fielded platforms) employteday are
enable the calculation of aerodynamic derivatives for quitelimitedin theiroperational capabilitfhe size of

control system identification. the UAV introduces unique dilemsman the
Unmanned aviation originated in the spen®d development of Guidance, Navigation, and Control
as manned aviationh& advancemenf unmanned (GNC) algorithms since aerodynamic models of the

aircraft centrecbn the confluence of three critical  vehicle are diffult to define and are exchetio each
technologie® automatic stabilisation, remote control, airframe. These low Reynolds number vehicles are
and autonomous navigatideimer Sperry, with the subjectedo varying environmentaebnditions during
aid of his son Lawrence, should be credited for flight that must be address€drther, onstructing a
establishing the unm@ed branch of aviation smallflight computing system is difficult due to the
[Newcome, 2004JHe built on his experience of limited availability of losost snall footprint
develojng gyroscopds demonstrate the first aircraft ~ computing systems with the computational power,
capable of stabilising and navigating itself without a memory, and interfaces to support a tyarief
pilot on board. By 1913perry was achieving reliable applications and researdrhese issues, particularly
results to warranh demonstrationof his gyre low-cost autonomous flight, provide the motivation
stabilised N seaplane to a visiting group of Navy for this project.



The advancement of this paper captures the The equations of motion for an aircraft are established
relative time order of the project. A literature review from the translational and rotmal forms of
will endeavour to clarify the aircraft system Ne wt ond s second |l aw of m
identification process in a theoretical fashion. An simplifying assumptions are employed to derive the
outline of the avionics and related software are to equations presentedtivis paper
immedigely follow. The inpubutput relationship of
the UAV was determined through the acquisition of 1. The aircraft is a rigid body with fixed mass
raw flight data. The specific manoeuvres and flight test distribution and constant mass
considerations are delineated in section four. Finally, The air is at rest relative to ézth

: : 3. The earth is fixed in inertial space
postexperimental data analysis was perforntetha 4 The earthds surface can

results are graphically displayed to indicate response 5 Gravitational forces do not change with altitude
levels. The paper concludes with an introduction to
SIDPAC & a NASA developed SyStem identification The standard body axes coordinate System of a

software applicable to the future progress of the fixedwing aircraft is provided in figure 2
project in question.

2 Theoretical Review

System identification is the development of e Y Aol
mathematical models from imperfect observations or P "-.__f‘- -
measurements to mirror theehaviour ofphysical e 'x;?
systemsKlein & Morelli,200§. In other words, given A~ N Lo
the inputu and outputy, system identification is the Y a0 & Pvaw

procedure for determining trsystems. The first ¥ I

approach of obtaining dynamic parameters from fligh

data was conducted by Milliken in 1947, using _. . .
frequery response for the analysis| n t he | ol {9 2Argak bpgy gxes coordinate sysieook, 1997

and 1970065, substantial ¢ OTrF\é erqdatt?oHstof. I’T%l?Oﬁ can%g éxSress@oairgtﬁe t

various estimation techniques by such authors S general form of a nonlinear ficster vector

[Talyoret a) 1969][Mehra 1970jnd[Gerlach 1970} differential equation for the aircraft state:

Due to this increase in knowledge, estimating model

parameters can now be accomplished from a single = f(x,u) (1)
flight-test manoeuvre.

Identifying a mathematical description of the Wherex is a vector of state variables and a
functional dependence of the applied aerodynamic vector of input variables that are usually composed of
forces and moments on aiftnaotion and control throttle position and control surface deflections. The
variables requires a number of steps. Aircraft systems y st emds states include vel

identification includes model postulation, experiment angular ratesA symmetric aircraft has decoupled
design, data compatibility analysis, model structure equations in statpace form. fe lateral and
determination, parameter and state estimation, longitudnal matrices are given bel@edgk, 199
collinearity diagrstics,and model validation&lgin

& Morelli, 200p A block diagram of aircraft system ‘:’ Yo Vp Ve Vo Ny v )L,
identification is given below: p o kb &P I, I, :
MODEL POSTULATION EXPERIMENT DESIGN g === % ’.' - nl np n’ n" ”“’ r + ”“ ": [ v]
= : J Ji= ¢ 0 I 0 0 Dl 0o o |t°
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3 Figure 3Lateral Equations of Motion
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Figure 1System IdentificatidiKlein & Morelli, 206] Figure 4Longitudinal Equations of Motion



The matricesabove contain the aerodynamic
derivatives thatexpress the relationghibetween
control input and aircraft performance. The
measurableariables of interest include the velocity
components  (u,v,w), angular velocities (p,q,n,
rotations G, G, H) , andg.cDzn®r @)
deflections of the elevator, throttle, aileron and rudder
respectivelyA computer package, provided with flight
data, can then estimatee modelderivatives and
provide the foundation fardvanced contraysten
designA schematic of theerative process is drawn
below:
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Figure 5Parameter estimation iterative process

Parameter estimation operates through the
minimisation othe output error between a model of
the system and the recordaaputs.The model is
then refinedby means of aiteratve process detailed
in figure 5The accuracy of the model is a function of
the sample fregmcy, reliabilitgnd suitabilitef input
data and the number of iterations performéd.
comprehensive introductido the intricacies of the
software is provided gectiorsix

3 Experimental Platform

The Boomerang 60 is kighwing model aircraft
capable oBupportingan avionics boaffixedto the
underside of the fuselagé.a dry weight of 4kg, the
aircraft is pwered by a-&troke, glowplug ignition
engineproviding 1.65hp at 16,000 RPMithin the
avionics box,reO-Navi PhoenibMU, consisting ofra
accelerometer and three gyroscopssasures the
linear acceleration and angular rassectivelin the
three perpendicular axe&.schematic of théoard
layout is provided in figure 6.
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Figure 6: Inertial Measureméimit board layout

The PhoeniXMU was chosen for the testing
platform due to itsadequate level oéccuracy,
successful  implementatio in  the past and
customiability. The hardwa@an deliver a maximum
sample rate of 100 Hz in binary mode within a range
al #0g fartheslinedr accelerometeand 600°/sec for
the gyroscopesin addition, the IMUintegrates a
Global Positioning System (GRfit and static and
dynamic pressure sensditse requiremerfor a data
acquisition card in the conteusystem is eliminated
sincethe IMU incorporates a programrgafreescale
microchip that is able to proess sensor data and
transmitin ASCII or binay mode via the RS232 port.
The sensor datzanthenbe transformedb establish
velocity, displacement, yaw, pitch and roll tates
provide6 degrees of freedom

A suitable testing gtform for an autonomous
systemrequiressufficient processy power, storage
andconnectivity in the form of a flight computer. The
light weight PCM-3350 processorconforms to
PC/104 form factowith a compact flash card slot. A
prime consumer grocessing power is the collection
and storage of data fnathe IMJ athigh sample rate
It was deemed processing speed of 300 MHz was
sufficient for initial flight testing. The foremost
advantagef the PC/104 is itzapacity for memory
expansiorand robustness to susta@xtended flight
times evidenced by similaropects [Smith et al.,
2003. The PC/104 is easily expandable as each
processor consists of connectors whiclvexiently
form a compact stackhe PC/104 has exceptional
integration capability with other hardware components
due to the availability of @nge of connectors
including RS232, USB, and serial portEhe
subcomponents of the hardware highlightedin
figure 7.
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Figure 7: The PC/104 Micro Computer

QNX is a real time operating syst@RTOS)
providng the software functionality fothis test
plattorm QNX has beenimplementedin several
research projectshee real time scheduling of sk
and prioritisation of eventemkey requiremesitA



customised build for QNX has been develojed
satisfy the unique demands of this projébtie
embedded version dhe RTOS includesonly key

recorder purchased fronEagle TreS8ystemidSA,
validates the data acquirednfr the CoPilot and
PhoenitMU. The data recorder also adedundancy

operational features such as device drivers and Cto the control systemwhich is critical fahe reliability

language function libraridrough the minimisation
of the RTOS functionalitynnecessargonsumption

of processing capacity ééminated As the contro

system for the aircraft expayttie functionality of the
operating system can bmadenedo accommodate
complex executions.

The data collected fronhd IMU sensorsis
assembledafely and sted on a compact flash card
that QNX is able to accesA. driver 5 requiredo
initiate communication ith the IMU and coordinate
the data collectiorprocessthroughout the flight
mission, closing the channel securely at the end. O
Navi does not offer a software driver for integrating
the QNX operating system it the IMU A
customised driver h&ieen successfully developéd
RMRL that opers the RS232 port, initiste
communication, readncoming data and stoseit
onboard the compact flash card. Thienguageode
is able to collect data at a sampling ratp tf 15 Hz
in ASCII and100 Hz in binary. The samplirage is
limited by the IMUand the processing speed of the
computer.
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Figure 8: Serial Servo Controller

Accomplishingmission objectivesequiresthe
RTOS to interface with thé&erial Servo Controller
(SSGsee figure)ato signal the adjustmentecessary
in the control surfaces and throttle positior
mandatorydriver must initiate communicatiorwith
the SSCand handlghe inputs andutputs. Sucla
driver las been implemented and tested the
Boomerangs0 platform. Typically, a low level sub
system of the control program will directly call this
driver for the transmission of signals. In a hierarchical
structure, th driver can be customised for efficient
handling of requests from thevist system in the tree
only.

The servo positiongontrol inputspare recorded
by anFMA CagPilotwith an attached data recorder
module. An independentsecondary flight data

of the UAV.
4 Flight Considerations

Flight testing was conducted at the South Eastern
Model Aircraft Club in June )T hetesting required
the aircraft to be remotely pilotad the recording
hardware logged the appropriateesponses A
significant number of explicit maroeuves were
performed to excite dynamic motion about exch
of the aircraftAt the commencemerand completion
of the maoeuve the aircraftshould be irtrimmed
level flight for BL0 seconsl[Jategaonkar, 2QBach
flight mameuwe was initiated with acontrol input
from the pilotandthe correspondingesponse of the
aircraft observed.

Figure 9Flight Testing June 2008

A selection of mareuvre were chosen to satisfy
the dynamic motion whilst remaininghin the safe
operational envelope of the aircraft. The short period
motion was excitethirough the execution afpull p-
push ovenaroeuve (figure 1), in which the pilot
appligl an elevator input tcreate amircraft pitch up.
After the aircrafattainecanangle of attack afrca45
degrees, the pilemployedhn opposite elevator unp
to initiate a diveThe phugoid mode wask@tedby
means ofthrottle variai (figure 12 The aircraft
commencettimmed flight and the throttteduced to
idle as constant altitudeaw maintained. This was
realisedhrough an increasing angle of attadk the
onset of stall condition$he concludingmaroeuwe
consisted of figure of eiftrimation (figure 10Xhat
excited the lateral motion of the aircratleft turn
was initiated unta half circlavascompleted. Then
the aicraftrolled in the oppositdirectionto finalise



the horizontal manoeuvre thaas a flight path Consider figure 1#/hich represents the control inputs
resembling a figure of eight. for thethrottle variatimanoeuvre that implemerie
experimetal results detailed in figure 13
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Figure 14Control inputs for throttle variation manoeuvre

The aircraftinitiates the manoeuvreith trim
conditions of 5 degree elevator deflection and
maximum throttle force of 24Mt circa 5 seconds,
the throttle is reduced to idle arnkle elevator
gradually increasem 20 degrees to maintaionstant
altitude.The ultimate consequenof this manoeuvre
wasa stall For a model aircraft, one witypically
stalls before the other, creating a movement along the
Figure 12: Throttle variation manoeuvre y-axis.This acceleratida represert in figure 15

5 25

The amount of thrust at a given throttle seting
a required piece of knowledge for system * H
identification A static thrust test riggas constructed 3 ]
with a spring balance atted to the tail of the | .
aircraf. The results from this tesre presented in . \
figure 13and indicatea linear relationship between | 0
both variablest should be noted thateasured thrust
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Figure 15Stall conditions creating Y axis acceleration
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The pull ugpushovemanoeuvreforces asign

g * ificant change in thatch of the aircraftAn elevator
- . deflectionof -10 degrees is immediatappliedand
‘ released ovea period of 4 secondBhe pitch angle
5 = response is govesth by the red curve in figure 16
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Figue 13 Throttle Force Experiment

5 Data Analysis — P e
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Processingaw flight datarequires the creatiarf a

large database to convert measurements of electrical
signals intsurface dedlctions and aircraft movement. )

This section peentsan analysis dhe response due o _ e (econds) ;

to elevator deflection in two separate mancguvre Figure 13Pitch angléor the pull ugoush over manoeuvre




Attention should be paid to tdelayed response turbulence.

of the aircraft. The maximum elevatgrostion is 6 40
achieved at 11.5 secondiéh an upmostpitch angle ;
of -50 degreesat 14 secondsThis is acrucial
consequence of flight dynamics angt be reflected
in themodel characteristics exporfeain the system
identification proces$n contrast, e direction and
responsiveness of thich angular velocitgflectthat
of the elevator anglas detailed in figure. 17
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Figurel8B: Roll angulaelocity response

Angular Velocity

Blevaror Angle The figures presented in this section are
representative othe data acquirethrough flight
testing.Reducing errors iacquisition andonversion
ensures theelevance and suitability of models and

0 Time (seconds) - systems developed in the latter stagiésqdrojectlt

is with considerable importance, hence thleainset

of gyroscope drifs included in the analy$igyure 19

presents a thrabmensional representation thfe

drift that occursin a static test performed in the
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Figure 17Pitch angular velocity response

The following two figures are the results gathered
during a section of the figure of eigtanoeuvre. The laboratory for a duration of 130 secoiiti® position

first figure 18A presents the aileron deflection . . :
: of the aircraft will be updatetl a rate of 1Hz via the
recorded by the flight data recorder and the resultant GPS to correct for this error.

change in bank angle. It can be immediately seen that o
the aircraft is rolling from left to right (positive bank

angle is a bank to thehtly It is interesting to note

that there is a slight delay in the response of the
aircraft to an aileron deflection; this is due to the delay -
in response of the dynamic system. A

¥ pastien i

,,,,,,,,

Figure 19Gyroscope drifE

6 System ldentification Software

A number of software packages are available to
perform parameter estimation analysisse packages
can executthe computation in the frequency or time
domain.Each software differs in price, applicability,

Figure 18B preserg the angular velocity about accessibilityand the level of documentatiohhis
the rolling axis against the aileron deflection. It is clear Projectimplementea collection of MATLAB Hiiles
from this figure that the trend of the angular velocity is c@/led System Identification Programs for Aircraft
that of the control surface deflection. In this case a (SIPPAC). The software has been continuously
positive roll angular velocity corresgotml a rolling devéoped by the NASA Langley Research Centre
of the aircraft to the right. The small differences Since 1992Throughout this timethe software s
between the plots would be due to the pilot making P€en successfully employeth data from numerous

small corrections to the controls to counter [ight test programs and wind tunnel experiments
[Morelli, 2002]The program can perform parameter

Figure 18: Bank angle fdigure of eigtimanoeuvre



